Multi-temperature-level systems enlarge the prospects and degrees of freedom for an effective design and an environment-friendly use of energy. Based on a general thermodynamic model of three-thermal cycles and finite thermal capacity of the heat sources, this paper aims at the analysis and the performance optimization of these systems by considering the influence of irreversibility. Suitable dimensionless parameters for an overall optimization are introduced and their influence on the cycle efficiency is investigated. This approach identifies the limitations imposed to the physical processes by accounting for the inevitable dissipation due to their constrained duration and intensity, and constitutes a general thermodynamic criterion for the optimization of three-thermal irreversible systems. Dependence on the main factors is highlighted in a way that shows how to change them in order to improve the overall efficiency. Under this point of view, the analysis evaluates COP improvements and can be used to perform plant diagnostics, besides predicting the system performance. The use of this criterion is exemplified for the absorption chiller application case.
INTRODUCTION
The development of technical solution for an effective use of energy is guided by the formulation of optimization criteria based on the thermodynamic principles. If the sole aim is to ascertain COP at given operating conditions, in fact the use of the first principle of thermodynamics will suffice. On the other hand, since every real process occurring as part of an energy conversion system is associated to an unavoidable degradation of the earliest amount of energy, a thermodynamic optimization criterion should provide a qualitative description, properly identify the limitations imposed to the physical processes by accounting for the inevitable dissipation due to their constrained duration and intensity, point out the most relevant parameters and how to change them in order to improve the performance of that process. In this way, the analysis is intent upon evaluating COP improvements and performing plant diagnostics, not only predicting the system performance. To this objective, an accurate evaluation of irreversibility (or entropy production), namely the use of the second principle of thermodynamics, becomes essential.
Multi-temperature-level systems enlarge the degree of freedom for an effective and environment-friendly use of energy. However, the increased complexity of these devices is often prohibitive with regards to a comprehensive modelling of all the details at play, making the calculation very difficult or impossible, and the physical content obscure. An absorption system, in its simplest arrangement, transfers heat between three temperature levels, but more often between four thermal sources with finite heat capacity [1] [2] . Even though the development of vapour compression cycles has limited the implementation field of vapour absorption systems, the absorption cycle still pave the way to sustainable and reliable perspectives. However, given the complexity of the heat and mass transfer phenomena occurring in absorption systems, their optimization is still incomplete and has not leaded to conclusive approaches. A three-thermal sources refrigeration system has been originally modelled as the combined cycle of an endo-reversible two-heat sources engine driving an endo-reversible two-heat sources refrigerator [3] , and the effect of finite rate heat transfer towards the surroundings has been considered in a second paper [4] . In addition, [5] applies entropy production analysis with an analytic irreversible thermodynamic model. By applying thermodynamic analysis to absorption chillers [6] have shown the necessity of accounting for internal dissipation, and defined the concept of Process Average Temperature (PAT). As for two thermal sources irreversible refrigerators, [7] use a general irreversible thermodynamic model to obtain an expression of the coefficient of performance accounting for the second principle in a way useful to produce maps of efficiency in terms of meaningful dimensionless parameters.
THERMODYNAMIC ANALYSIS
This paper presents a characterization of a three thermal sources inverse thermodynamic cycle that considers the influence of the irreversibilities on the cycle efficiency. Considering a three thermal sources inverse absorption cycle (Fig. 1) , the analysis is generalised to include both heat and mass transfer phenomena.
Figure 1. Absorption system schematic
The model is exemplified in a chiller application case. However, except for different temperature ranges and useful effects, absorption chiller, heat pumps or heat transformers are thermodynamically similar units. Thus, the approach can be directly applied to the other system configurations named above.
Steady cyclic-operability is assumed neglecting the effects of potential and kinetic energy of the refrigerant. Since the circulation pump processes saturated liquid solution, its electrical power consumption is disregarded. Furthermore, heat leaks to the surrounding are considered to be ineffective. With the assumptions stated above, the Coefficient of Performance COP is defined as,
And the first law states,
Being defined as a state function, entropy variation of the refrigerant performing a closed cycle is null and, if other thermal exchanges are overlooked, internal irreversibilities are transferred outside the cycle to the surroundings through the heat exchangers.
The entropy variation experienced by the pure refrigerant is given by eq. 4.
Where l=v for a liquid, and l=R/p for a perfect gas [8] . This term accounts for internal irreversibility related to pressure change and includes pressure drops contributions. On the other hand, inside the generator and the absorber the terms related to the entropy variation of the aqueous LiBr solution is expressed as [9] ,
The circulation ratio is introduced according to eq. 7.
Were the refrigerant mass is related to the concentration difference and the mass of the solution, as in eq. 8.
Combining equations 3 and 7 with eq. 9, which expresses the thermal power exchanged by the fluid streams of the heat exchangers, and neglecting pressure losses eq. 10 is obtained,
Terms of the fractions are evaluated referring to the physical state of the refrigerant and the solution, and the characteristics of the heat exchangers.
Temperature-entropy diagrams are suitable to describe thermodynamic transformations in terms of both the first and second laws. In a previous paper, [10] have presented the use of T-s diagram for aqueous LiBr cycles and a real absorption cycle (from [10] ) is represented in Fig. 2 . Additional saturation curves at different solution concentrations are meant to extend the depiction to include both the refrigerant (water) and the solution behaviours in absorption cycles.
64% 58% 0% 0% 58% 64% Considering an approximate T-s diagram of the traditional absorption refrigeration cycle (the black lines in Fig 2) , where condenser and absorber temperature are close, the vapour generation/absorption processes are split into a constant concentration part embodying temperature changes to reach the equilibrium temperature at the generator/absorber, a constant temperature one representing the release/absorption of the heat of absorption, and an isobaric segment to cool down to its saturation temperature the superheated vapour once separated from the solution at its equilibrium. In a first approach, pressure losses are neglected.
Where,
These dimensionless parameters  depend on temperature, concentration and thermodynamic properties of the refrigerant and the solution within the heat exchangers.
Introducing the definition of heat exchangers effectiveness by [11] kays and London (1954),
Accordingly, the expression of the entropy variation becomes,
Using the parameters tH, tM and tL
A dimensionless expression is obtained.
The COP of the system can be expressed as a function of the dimensionless parameters defined above.
And using the dimensionless expression of the entropy variation G, it is possible to generalise the absorption chiller efficiency as a function of either tH and tM (eq. 20) or tH and tL (eq. 21).
RESULTS AND DISCUSSION
The following parametric analysis is based on input experimental data from literature and is intended to explore the results and the feasibility of the present thermodynamic approach. Table 1 contains measured values of the working parameters from real Li/Br absorption chillers. Table 2 shows the values of the dimensionless parameters previously defined and calculated from the equations expressed in appendix A.1. Table 2 makes evidence that the present analysis method tends to slightly overestimate the cycle COP and this could be mainly related to the relatively important impact of heat loss and the assumption of negligible work of the circulation pump. Since the analytical interpretation of equations 20 and 21 is complex, a graphical approach is more convenient and understandable. Figures 3 and 4 represent COP curves as a function of either tL and tM, respectively, for different values of tH or t, being other parameters set constant as calculated from [10] in Table 2 . These graphs make evidence of the occurrence of a maximal COP. Dashed lines are obtained for the literature value of the secondary variable considered in each graph and the markers represent the operative condition of the real system from [10] . By comparing the actual with the maximum efficiency condition it is possible to perform system diagnostic and show how to improve the overall system efficiency. Fig. 4 shows that the values of the temperature difference parameters maximising the system COP are indipendent from t.
Considering the absorption chiller data of [10] , given the discrepancy between the experimental values of the temperature difference parameters and the optimal values suggested by the analysis, increasing the temperature difference at low and intermediate temperature heat exchangers, for the same high temperature conditions, or, ceteris paribus, decreasing the temperature difference at the generator, will bring the system closer to the maximum first law efficiency. In case the dimensionless parameter representing the irreversibility of the thermal cycle G and the temperature parameter defined for the high temperature thermal source tH are used as variable, COP shows a relentless decreasing trend when the those are increased (Fig. 5) . The same observation is valid with reference to '' and tH (Fig. 6) . While the opposite trend is shown with respect to ' (Fig. 7) . Furthermore, if the COP value is fixed, the critical dimensionless parameter for system design can be related as following. 
'
Figures 8 and 9 display the influence of the main dimensionless parameters on the dimensionless function G at constant COP (fixed at the reference value from [10] calculated in table 2) as analitically expressed in eq. 22 and eq. 23. Fig. 8 , the dimensionless parameter G, which combines first and second principles of thermodynamics, defines a range limitation of the dimensionless temperature parameters tL and tM for a fixed value of the system COP. These practicable ranges narrow down for higher tH. Moreover, with respect to the same parameters, a maximum value of G can always be associated to defined values of tL and tM, and those values depends on the dimensionless heat conductance parameter t (Fig. 9 ), but not on tH (Fig. 8) . The operative condition of the real system described by [10] are plotted in figures 8 and 9, where it is obvious that the system is designed for a low irreversibility operability.
CONCLUSIONS
Based on an analytic thermodynamic model for the absorption cycle, this paper presents significant solutions of the key cycle performance by considering the influence of internal irreversibilities due to temperature and concentration variations of the refrigerant. If other thermal exchanges are overlooked, refrigerant irreversibilities are transferred outside the cycle through the heat exchangers to the finite heat capacity sources. In overcoming the limit of the endo-reversible cycle and capturing the fundamental physical phenomena involved, leaving flexibility in generalizing results to other absorption devices, this model provides a predictive and diagnostic tool. Accordingly, suitable dimensionless parameters for an overall system optimization are defined and their influence on best cycle efficiency is investigated in order to perform a first screening of the relevant design and control parameters. In particular, by relating cycle efficiency and entropy variation rates through properly defined dimensionless parameters it is possible to design optimised systems and enhance the performance of existing ones. Namely, if pressure losses in the heat exchangers are negligible, QAC, QG and QE can be calculated once concentration, temperatures and thermodynamic properties of the fluids are available. The dimensionless parameter G stands for the effect of internal irreversibility of the cycle and shows critical impact on the overall performance. By acting on the heat exchangers temperature differences, represented by the corresponding parameters tL, tM and tH, it is possible to maximise the COP of the system. Comparing experimental data from literature with the optimal performance suggested by this analysis possible improvement of the system thermodynamic efficiency are pointed out. Furthermore, the absorption refrigeration cycle model and the thermodynamic analysis can be readily extended to heat pump and heat transformer application cases.
APPENDIX A.1. ENTHALPY AND ENTROPY VARIATIONS
Considering the entropy and enthalpy difference terms related singularly to the transformations constituting the cycle and appearing in eq. 10, the analytical expressions of those variations is presented in the following. As a consequence the dimensionless groups defined in eq. 12 can be developed and calculated, once temperature, concentration and
